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In the first paper of this series it was shown by Sherman and Pappen- 
heimer (1, 2) that rickets could be produced in rats by a diet composed 
of  patent  flour,  calcium lactate,  sodium  chloride,  and  ferric  citrate, 
and that it could be prevented by the substitution of 0.4 per cent basic 
potassium phosphate for an equal percentage of calcium lactate in the 
diet.  These experiments have been continued, the diet being modified 
in various ways, and the present paper will report upon the bone changes 
which were produced by varying the inorganic constituents. 
In the meantime, there has appeared a series of studies on experimen- 
tal  rickets  from  the  Johns  Hopkins  Laboratories  in  which Shipley, 
Park, McCollum, and Simmonds (3-7)  give diets which lead more or 
less regularly to the development of rickets in rats, and in which they 
also emphasize the protective r61e of the phosphate ion.  A more detailed 
comparison of their findings will be given later. 
EXPEI~EWE.NTAL. 
Because of the frequency with which rats kept under ordinary labora- 
tory conditions develop what has previously been termed spontaneous 
* A prel~m~uary report covering some phases of this work was presented before 
the  Society of Experimental Biology and  Medicine (Pappenheimer, A.  M., 
McCann, G. F., Zucker, T. F., and Hess, A. F., Proc. Soc. Exp. Biol. and Med., 
1920-21, xviii, 267). 
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rickets, it was realized from the outset that factors other than dietary 
ones which might  influence the  experiments should  be  controlled as 
rigidly as possible.  Care was taken to obtain healthy stock, from which 
individual rats maintained for varying lengths of time on a  complete 
diet  showed normal bones  upon histological examination.  Whenever 
possible, controls were taken from the same litters as those used for the 
experiment. 
The animals were kept in cylindrical wire cages, 8 inches high and 9 
inches in diameter, in  a  dimly lighted,  screened room, with northem 
exposure. 
Since these experiments were begun it has been shown by Shipley, 
Park,  Powers,  McCollum,  and  Simmonds  (8),  and  by  Hess,  Unger, 
and Pappenheimer (9)  that exposure to direct sunlight gives complete 
protection in phosphorus-low diets.  Since, fortunately, the light  con- 
ditions in our  experiments have been kept fairly uniform, and the rats 
at  all times excluded from intense light,  this factor has been without 
influence upon the results.  It must be strongly emphasized, however, 
that our data, so far as their quantitative value is concerned, hold only 
for rats maintained under the described conditions. 
Not more than three rats were kept in the same cage.  The diets were 
mixed in bulk, care being taken to ensure a uniform distribution of the 
components.  It was found impracticable to  weigh back the uneaten 
food as  a  routine procedure, but the amount actually consumed was 
roughly determined in a  number of instances and found to vary very 
little  for  animals  of approximately the same age and  weight.  It  is 
believed that no serious errors have been introduced by this omission, 
since almost without exception, the rats maintained on the same diets 
have shown, on final examination, identical or comparable findings in 
the bones. 
The rats  were usually placed  on  the  experimental diet at  the  age 
of 4 weeks, or about 1 week after weaning.  After 4 weeks on the test 
diet,  a  radiograph was  taken;  and  when subsequent modifications of 
the diet were introduced, the accompanying changes were followed radio- 
graphically.  Because  of  the  known  protective  effect  of  light,  the 
possibility  that  repeated  exposure  to  x-rays  might  have  a  curative 
influence had to be considered.  Three rats were exposed daily over a 
period of 3 to 9 days, the same dosage being used that was employed in A. M. PAPPEN'HE~7~tER, G. Y.  MCCAN2ff,  AND  T. i~. ZUCKER  423 
making radiograms.  The  rickets,  which had  developed on Diet  84, 
was not influenced, no healing being evident on radiographic examina- 
tion. 
A  complete  autopsy  was  performed  on  each  rat,  the  teeth, ribs, 
femora,  tibiae, eyes,  and  such  viscera as  showed gross  lesions  being 
preserved  for  histological  study.  Possible  alterations  in  the  teeth 
will be made the subject of a later report.  The study of the long bones 
also has not been completed, but previous experience has shown that the 
lesions  in the fibs in general parallel those found in other bones,  and 
may safely be taken as indices of the nature and extent of the bone 
changes.  Fig. 1 shows the microscopic  appearance of the normal  rib. 
The difficulties in the histological  examination of bones, as regards 
the precise differentiation of  the  calcified  and  uncalcified  tissue,  are 
too familiar to require emphasis.  The routine adopted for these studies 
has  been  the following.  Two lower ribs  from  each  side  were  fixed 
for 24 hours in Miiller-formol,  decalcified  for 5 to 10 days in Miiller's 
fluid, and embedded in paraffin.  Sections were stained with hematoxy- 
lin-eosin, and by von Kossa's silver nitrate method, applied as follows: 
1.5 per cent silver nitrate--30 minutes or more in bright light. 
Repeated washing in distilled water. 
Counterstaining  with  hematoxylin-Van  Gieson. 
The calcium (phosphate)  appears  in these preparations  as  a  dense 
black, the cartilage bluish purple, the osteoid tissue bright red. 
The influence of the time element in the decalcification with Mfiller~ 
fluid  upon  the  stainable  calcium was  studied by  removing ribs after 
varying periods from the decalcifying fluid,  staining the sections iden- 
tically, and comparing the results.  It was found that within the range 
of 5 to 10 days no significant differences in the distribution of the stain- 
able calcium could be detected. 
Rickets-Producing Diet. 
The rlckets-producing diet, No.  84,  which has served as a  basis for 
this work, has the percentage composition indicated in Table I.  The 
mineral composition is shown in Table II. 
The original observation that rats maintained on this diet invariably 
develop rachitic lesions,  has been tested in 55  additional animals, all 424  EXPEI~r~b~NTAL RICKETS. IV 
TABLE  I. 
Composition of  the  Diets  Used. 
Diet No. 
83 
84 
85 
Composition of diet. 
Patent flour  ...............  95.0 per cent, 
Calciumlactate ............  3.0  "  " 
Sodium chloride  ............  2.0  "  " 
Patent flour  ...............  95.0  "  " 
Calclumlactate ............  2.9  "  " 
Sodium chloride  ............  2.0  "  " 
Ferric citrate ..............  0.1  "  " 
Patent flour  ...............  95.0  "  " 
Calciumlactate ............  2.5  "  " 
Sodium chloride  ............  2,0  "  " 
Potassium phosphate (basic).  0.4  "  " 
Ferric citrate ..............  0.1  "  " 
Total No. of rats examined. 
Rachitlc. 
68 
Non-rachific. 
46* 
* Five of these were placed on specialxiiet  at the age of 60 days, one at 81 days; 
all remaining animals  started about 1 week after weaning. 
of  which  developed  tickets  as  shown  by  x-rays,  gross  examinations, 
and by microscopic study of the ribs.  (In two rats, no sections could be 
made.) 
The preventive action of the potassium phosphate (Diet 85, Table I) 
has also been confirmed on thirty-one additional rats, giving a  total of 
forty-six rats in  which protection has been uniformly obtained.  The 
mineral analysis of this diet is also shown in Table IL 
Determination  of the  R31e  Played  by  Potassium  and  Phosphate 
Ions  Respectively  in  the  Protection  Given  by  Basic 
Potassium  Phosphate. 
In  this  experiment,  secondary sodium  phosphate  in  the  proportion 
of 0.8 per cent of the diet was substituted for the secondary potassium 
phosphate in Diet 85, this amount being calculated to contain an equiv- 
alent amount of phosphorus  (0.072  gin.).  Of the four rats (Nos. 88 to 
91)  on  this  diet,  none  developed rickets  (Figs.  2  and  3).  Two  rats 
(Nos.  86 and 87)  from the same litter, on Diet 84,  developed marked 
rickets (Table III). A. M.  pAPPEI~Nv:fM~.R~  G.  F. MCCANN,  AND  T. F. ZUCKER 
TABLE  If. 
Calculated Mineral Composition of Diets 84 and 85.* 
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Diet 84.  Diet 85. 
Mineral constituent. 
Amount per  Per cent.t  Amount per  Per cent.t 
I00 gin. of food.  I00 gin. ol food. 
Y~ .............. 
Na  ............ 
C8.  ............. 
Mg ............. 
P  .............. 
C! .............. 
0.110 
0.847 
O. 550 
0.017 
0.087 
1.280 
3.8 
29.3 
19.1 
0.6 
3.0 
44.4 
g't~. 
0.290 
0.847 
0.477 
0.017 
0.159 
1.280 
9.4 
27.6 
15.5 
0.5 
5,2 
41.7 
Total .........  2.891  100.2  3.070  99.9 
* Data for white flour taken from Sherman,  H.  C.,  Chemistry. of food  and 
nutrition, New York, 2nd edition,  1918. 
ton the basis that K  +  Na +  Ca +  Mg +  P  +  C1 = 100 per cent. 
Determinations of phosphorus and calcium (McCrudden's method (McCrud- 
den,  F.  H.,  J.  Biol.  Chem.,  1911-12,  x,  187) for  calcium  and  titration  of 
ammonium  phosphomolybdate for  phosphorus)  on the diets as used  gave  the 
following figures. 
Diet 84.  Diet 85. 
Ifftt.  gm. 
P  .................................................  0.0868.  0.1582 
0.0880  0.1593 
Ca ................................................  O. 5530  O. 4805 
0.5521  0.4786 
For another group of rats (Nos. 97 to 99), 0.35 per cent of potassium 
chloride  was  used,  thus  adding  an  equivalent  amount  of  potassium 
(0.18 gm. per gin.)  to the diet in the form of chloride instead of phos- 
phate.  The three rats on this diet developed tickets of the same degree 
of severity as did two control rats of the same litter (Nos. 100 and 101) 
on Diet 84 (Figs. 4 and 5). 
The  obvious  conclusion  from  these  results  is  that  the  protective 
effect of the basic potassium phosphate is attributable to the phosphate 
ion and not to the potassium. 426  EXPE~IM-E.NTAL  PICKETS.  IV 
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Determination of the Amount of Phosphate Necessary for Protection. 
Eleven rats  (Nos.  110  to  120),  including four controls, were placed 
on diets in which graded amounts of basic potassium phosphate had been 
substituted for equivalent amounts of calcium lactate in Diet 84.  Ad- 
ditions of 10, 25,  and 50 rag. of phosphorus per 100 gin. of diet in the 
form of K2HPO4  were made to  the standard  basic  diet in  this  way, 
giving totals of 97,112, and 137 mg. of phosphorus per 100 gin. in these 
diets.  As shown in Table IV, of those receiving 50 rag. of added phos- 
phorus (Rats 112 and 117), one (No. 112) showed no evidence of rickets. 
The  other  (No.  117) presents  an  appearance which is  interpreted as 
slight or early rickets (Fig. 6). 
The zone of proliferative cartilage is widened to six to eight cells (normally 
four to five).  Alignment is slightly irregular and calcification of the matrix is 
defective in  the proximal portions of the cartilage.  The primary spongiosa is 
delicate and the trabeculm are surrounded by narrow but distinct osteoid borders 
about which the osteoblasts are very conspicuous.  Along  the shaft, endosteal bone 
formation is active.  Around the perforating vessels, there is a distinct osteoid 
border which is wider than that found in normal ribs. 
The rats receiving only 10 and 25 rag. of added phosphorus per 100 
gin.  of diet show definite rachitic lesions  (Fig.  7).  The proliferating 
cartilage is extremely wide and irregular, but the matrix, in the distal 
portions,  especially, is  not wholly free from calcium.  The trabecul~e 
of the spongiosa show an osteoid border greatly in excess of the normal, 
but  the  distinction between the  fully  calcified bone  and  the  osteoid 
tissue is in many cases less sharp than in rats which have been on Diet 
84.  It  would  seem,  therefore,  that  the  small  amount  of  additional 
phosphate favors the deposition of calcium to a limited extent, and that 
with the addition of 50 rag. per 100 gm. the balance is so delicate that 
individual differences  come into play. 
Effect of the Modification  of Inorganic  Constituents Other than Calcium 
and  Phosphorus. 
Rats 168,169, 227,228, and 229 (Table V) were given a diet composed 
of flour and 5 per cent of salt mixture made similarly to that described 
by Osborne and Mendel (10)  except that  no phosphoric acid was in- 
cluded (Fig. 8).  These rats were kept on the diet for 26, 26, 28, 37, and 
37  days and showed marked rickets. 4~2  EXPERn~.~TAL  RICKETS.  IV 
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This salt mixture as given contains an amount of calcium which is 
approximately that used in Diet 84,  and it also contains all the other 
inorganic  elements  considered  necessary  for  adequate  growth,  with 
the  single  exception of  phosphorus.  The  development of  rickets  in 
the  rats  would seem  to  indicate that  these  other elements have no 
protective action. 
The basic rickets-producing  diet, No. 84, contains 2 per cent of NaC1, 
an  amount probably  considerably in  excess  of  the  requirement.  It 
was conceivable that this excess might in some way be a  contributory 
factor in the production of the rachitic lesions, and to settle this point, 
three rats (Nqs. 268 to 270) were given Diet 84L, in which the NaC1 
was reduced from 2 per cent to 0.5 per cent.  After 30 days all three rats 
had  developed typical rickets,  as  revealed by  gross and microscopic 
examination.  A reduction of the NaC1 in Diet 84 to 0.5 per cent, there- 
fore, did not prevent the development of active rickets (Table VI). 
Effect  of  Variations  in  the  Proportion  of Calcium  and  Phosphorus  in 
Diets  84  and  85. 
Although it had become evident from the preceding work that  the 
presenc.e or absence of rachitic lesions could be determined by varying 
the phosphate ion in the diet, when the calcium was present in excess, 
and  that  the other inorgasfic  constituents of  the  food were without 
apparent influence, it seemed of importance to ascertain what modifica- 
tions in the structure of the bones might be brought about by varying 
the relative proportion of calcium and phosphate in the diet. 
The literature, it is true, contains many references to the structural 
changes produced in  the  bones by  a  calclum-deficlent diet,  but  in 
general, the phosphate content of the diet in relation to  the  calcium 
has not been considered.  Furthermore, aside from the recent papers 
of McCollum and his associates, no data referring to the effects of de- 
ficiency of one or both of these inorganic constituents upon the bone 
structure of rats were available. 
A  summary of our experiments is given in Table VII.  In the first 
series (Rats 233 to 235), the calcium lactate and basic potassium phos- 
phate of Diet 85 were reduced, the former to 1.4 per cent (209 mg. per 
100 gm. of diet), the latter to 0.26 per cent (49 rag. of added P, or a total 
of 136 mg. per 100 gm.). 434  EXPERIMENTAL  RICKETS. IV" 
m 
,A 
"s'uo!~ I aa~O 
z 
4 
%  % 
°~ 
r~ 
ca  0  u 
•  ~  b  . 
=  =  =  = 
8 
I 
~. 
e,1 
~  0 
.J 
r..) ~-.. 
~  + 
°~  ,~  ~ 
0 
~  ~  ~ .~  e~ 
o0 
Ox 
•  ox .~a~,:~!"  I  ~  o'~  o'~ 
'o~ :l~I 
z 
e.,1  oo  ,~ 
8  .= A.  M.  PAPPENHEIM'ER,  G.  ~F.  MCCANN,  AND  T.  F.  ZUCKER  435 
At  the end  of 4  weeks,  the radiographs showed that  all  three rats 
had  developed an  active  rickets.  Rat 235, killed at this time,  had a 
mild healing rickets, with calcium deposition in the cartilage and in the 
osteoid surrounding the trabecul~ of the spongiosa.  Rat 234, allowed 
to live for 41  days,  showed microscopically definite healing,  the  car- 
tilage and the greater portion of the osteoid being completely calcified. 
Rat  233,  killed on the 42rid  day, likewise showed healing rickets, the 
calcification of the cartilage and osteoid being somewhat less advanced 
than in the ribs of Rat 234. 
In this experiment, the total P  of the diet (136 rag.) was practically 
at the border-line content which previous experiment (Table IV, Rats 
112  and  I17)  had shown to confer protection in some rats and not in 
others.  The results, therefore, are not surprising--rickets after 4 weeks, 
with adequate healing after 41 days.  It does not appear that the coin- 
cident reduction of the caldum has materially modified the lesions. 
In two other rats of the same litter  (Nos.  239 and 240)  the calcium 
lactate of Diet 85 was reduced to 0.8 per cent (149  rag. of Ca per 100 
gin.), and the basic potassium phosphate to 0.13 per cent (total P  of 111 
rag. per 100 gin.). 
Again, both rats showed by radiograph, on the 28th day, an appear- 
ance interpreted as moderate rickets.  Rat 239, killed on the 30th day, 
proved not to have rickets,  the cartilage,  spongiosa, and cortex being 
normally calcified.  There was, however, an increase in the depth of the 
zone of preparatory cartilage to ten or twelve cells, which explains the 
defect  noted  in  the  radiograph.  Rat  240,  killed  on  the 42nd  day, 
was found to have practically complete healing of the rachitic lesions in 
the ribs. 
The zone of preparatory  calcification,  though wider  than  normally, 
averaging twelve  to sixteen cells, and continued into several irregular 
prolongations,  showed  a  complete  calcification  of  the  matrix.  The 
primary  spongiosa  was  somewhatdefective,  the  secondary  spongiosa 
better  developed.  In both,  calcification was complete, there being no 
osteoid tissue about the trabecul~e.  The cortex also showed no osteoid 
border.  The  trabecul~e  in  the  metaphyseal  area  were  separated  by 
a  very abundant, loose fibrous marrow.  The perichondral osteoid was 
still calcium-free. 436  EXPERIM~NTAL  RICKETS. IV 
The  conditions  found  in  this  rat  may  instructively be  compared 
with those in Rat 120, maintained for 40 days on Diet 850, containing 
an equal amount of P, but almost four times as much Ca.  So far as it 
is permissible  to  draw inferences from a  single experiment, it would 
seem that  the healing of the rachitic lesions was favored by the re- 
duction of the calcium; or otherwise stated, that the excess of calcium 
in the diet tended to maintain the rachitic condition. 
In  another series (Rats  236  to  238),  no  additional  phosphate  was 
given, but the calcium lactate of Diet 84 was reduced to 0.6 per cent 
(111 rag. of Ca per 100 gin.).  The three rats, after 30, 42, and 42 days 
respectively,  developed rachitic lesions typical histologically, and not 
differing from  those  observed  on  the  unmodified Diet  84.  The  de- 
duction from this  experiment is  that  the  Ca  may be reduced to  ap- 
proximately one-fifth that  of Diet  84,  and  if  there is  a  concomitant 
P deficiency, the resultant lesions will be rachitic and not osteoporotic. 
Effect of a  Deficiency  of Calcium with an Excess of Phosphate. 
The material for this experiment consisted of fourteen rats, examined 
after periods of 29 to 36 days, upon the following diet. 
Diet 85C. 
Patent flour ....................................  95.0 per cent. 
Sodium chloride ................................  2.0  "  " 
Potassium phosphate (basic)  ......................  2.9  "  " 
Ferric citrate ...................................  0.1  "  " 
This diet led to alterations in the structure of the ribs resembling the 
usual rachitic changes on Diet 84, but with certain striking and interest- 
ing differences (Fig.  9).  The zone of preparatory calcification of the 
cartilage in many of the rats was but sl/ghfly greater than in normal 
ribs, and in some cases within the normal rang% not exceeding five or 
six cells.  In only two rats of this series  (Nos.  243  and  244)  did the 
increased depth approximate that seen on Diet 84. 
The calcium deposition in  the matrix of the cartilage was also de- 
ddediy more abundant than in rats on Diet 84.  In some, the calcium 
was found throughout the zone of preparatory calcification, in others 
it was limited to the matrix between the distal cells.  In general, there 
was  a  much more adequate preparatory calcification of the  cartilage A. M. pAPPENIKErMER, G. F. McCANN, AND  T. F. ZUCKER  437 
than was obtained in rats upon a diet rich in calcium, but deficient in the 
phosphate ion. 
The alterations in the bony portions of the ribs, on the other hand, 
did not differ materially from those occurring in rats on Diet 84.  There 
was an excessive amount of calcium-free osteoid tissue produced, not 
only about the trabecul~e in the subchondral region, but along the shaft 
as  well.  The osteoblasts  were numerous and conspicuous. 
The  following  tentative  explanation  is  presented.  It  is  probable 
that the matrix of the cartilage in the zone of provisional calcification has 
a greater avidity for both the calcium and phosphate ion than the osteoid 
tissue of the bone itself, since it has been observed that in the process 
of healing under the influence of cod liver oil, or following the addition 
of phosphate to Diet 84, the deposition of calcium in the cartilage pre- 
cedes that in the osteoid tissue.  This partial calcification of the cartilage 
suffices to guide the blood vessels towards a more orderly destruction of 
the cartilage columns, and  to prevent the unrestricted and highly ir- 
regular growth of the cartilage towards the diaphysis, which takes place 
when, as in Diet 84, the cartilage matrix remains permanently free of 
calcium. 
To sum up this experiment, then, we may conclude that a diet con- 
raining  an  abundance  of  phosphate,  but  deficient in  calcium,  leads 
to changes in the bones which resemble those of rickets, but differ from 
them in the fact that the endochondral changes are relatively slight or 
absent. 
The  typical  findings  on  this  diet  are  illustrated  by  the following 
protocol. 
Rat 245.--36 days on Diet 85C.  Initial weight 35 gin.  Final weight 38 gin. 
The radiograph, taken on the 36th day, showed a narrow defect in the upper 
epiphyses of the tibiae. 
Macroscopic Examination.~Nutrition  poor.  Eyes.~Normal.  Viscera.~Nor- 
mai.  Ribs.bSlight  chondrocostai swelling,  without angulation.  The epiphyseal 
line is quite  sharp.  There  are several fusiform callus beads.  The bones are 
soft.  Tibia.bThe  upper  extremity  is  moderately  swollen, and  there  is  an 
increased amount of soft spongiosa in the subchondrai region. 
Microscopic  Examination.--Rib.--The  preparatory  cartilage  is  very  little 
widened, not exceeding  eight cells (normally two to six).  The columnar arrange- 
ment of the cells is maintained.  Calcium  deposition is limited to the matrix 
between the distal two or three ceils.  The subchondral zone is occupied by broad 438  EXPER~'I~.NTAL RICKETS. IV 
masses of osteoid, the marrow in this region being reduced to a few vascular clefts. 
The osteoblasts  are  conspicuous  and,  in  many places,  surrounded by osteoid. 
The centers of the osteoid trabecuke are composed of calcified bone and cartilage. 
The junction between calcified bone and osteoid is fairly sharp, although there is 
often a granular purple haze surrounding the calcified bone which suggests  that 
the adjacent osteoid is not wholly free from calcium.  The cortex is much thinned 
in places  and even completely interrupted.  It is everywhere surrounded by a 
wide  osteoid  margin.  Tibia.--Upper  epiphysis:  The  lesions  here  are  very 
slight.  The zone of preparatory calcification of the cartilage is little, if at all, 
increased  in depth, not exceeding six cells, and  the cartilage cells show a  very 
orderly columnar alignment.  There are no projections, the line being even and 
sharp.  Calcification of the matrix is complete in the distal three or four cells. 
The spongiosa is quite dense.  There are numerous small trabecula~, well ossified, 
but  with  slightly increased  osteoid  borders.  The osteoblasts are  swollen  and 
very distinct; there appears to be very active osteogenesis.  Cortex further along 
the shaft is well calcified.  There is active endosteal bone formation, with a dis- 
tinct, but hardly excessive osteoid margin.  The rachitic changes are insignificant 
as compared with those in the ribs. 
DiagnosB.--Atypical  rickets. 
Effect  of a  Deficiency  of Both  Calcium  and  Phosphate. 
The following diet  was used  for this study. 
D~t 0.. 
Patent flour ....................................  97.9 per cent. 
Sodium chloride .................................  2.0  "  " 
Ferric citrate ....................................  O. 1  "  " 
The estimated  Ca content is 0.018 gin., as compared with 0.553  grn. 
of Ca content in Diet 84.  The P  content is approximately 0.088 grn. 
per 100 gm., or about five times that of the Ca.  Eleven rats  (Table 
VIII) were placed on this diet for periods varying from 20 to 52 days. 
In our preliminary paper  (1), it  was  stated  that rats upon  this,  or 
rather a similar diet, without the addition of the ferric citrate, developed 
an osteoporofic condition of the bones, and not a  true rickets.  Further 
experience leads us  to modify this  statement somewhat.  Of the nine 
additional  rats,  one only  (No.  254)  showed lesions  which  may be  re- 
garded  as purely osteoporofic. 
The conditions in  the remaining  rats  differ in  certain features from 
those of simple osteoporosis, and from rickets,  as seen in rats on Diet 
84.  In the radiographs,  the defect at the upper extremity of the tibia A.  M.  PAPPENHEIMER,  G.  F.  McCANN,  AND  T.  F.  ZUCKER  439 
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was  very  much  narrower  than  in  the  typically  rachitic  rats.  The 
swelling of the chondrocostal junctions was slight or absent, and there 
was  no  angulation or  other deformity.  Infractions with  callus beads 
were seen in some of the rats,  and were absent in others.  The bones 
were delicate and fragile, rather than pliable. 
Histologically,  the  zone  of  preparatory  calcification  was  somewhat 
increased in depth, but not to the same extreme degree as with Diet 
84, averaging only eight to twelve cells, whereas in the typically rachltic 
rats on Diet 84 it frequently was more than 50 cells deep.  Calcification 
of the matrix was either absent entirely or limited to the distal portion 
of this zone and to the short prolongations into the metaphysis.  The 
peHchondral  osteoid  was  only  moderately  increased.  The  trabecul~e 
of the subchondral spongiosa showed a  wide osteoid margin, and there 
was a moderate increase in the cortical osteoid.  Evidences of increased 
osteoclastic resorption were not found.  The marrow showed no unusual 
features (Fig. 10). 
These  findings in  general  resemble  rather  closely those  with  Diet 
85C,  in  which  a  deficiency of calcium is combined with an excess of 
phosphate.  It should be noted that even in Diet Q, the proportion of 
total phosphorus to calcium is still in excess of that in Ca., (PO4)2. 
Effect  of a Deficiency o/Phosphate  upon  the Bones  of Adult Rats. 
Although  somewhat  apart  from  the  main  problem,  it  may  be  of 
interest to describe briefly the changes in the bones of mature rats after 
the  cessation  of epiphyseal  growth, when placed  upon a  phosphorus- 
deficient diet.  Three  such rats (Nos. 22, 55, and 56) have been studied. 
Rat 22, after 182 days on a  complete diet, during which period it had 
shown normal growth, was  placed for  10  days  on  Diet  84.  Rats  55 
and 56, after 126 days on a  complete diet, were placed for 42 days on 
Diet  84. 
The histological changes in the ribs of these three rats were practically 
identical.  The  zone  of  preparatory  calcification  was  very  narrow 
(three to four cells), and the ceils were separated by a densely calcified 
matrix.  The  abnormality  noted  was  a  definitely  increased  osteoid 
margin about the trabecul~e of the spongiosa and along the endosteal 
surface of the cortex.  This osteoid tissue, which was very sharply differ- 
entiated  from the  calcified bone, was  bordered  externally  by  distinct A.  M.  PAPPENIIEI~ER,  G.  F.  MCCANN~ AND  T.  F.  ZUCKER  441 
osteoblasts.  Without entering into the still debatable question as to 
whether this calcium-free osteoid is to be regarded as newly formed, or 
whether it results from a  decalcification of the already calcified bone, 
we may record simply that phosphorus deficiency manifests itself in 
the adult rat by an increase in the amount of osteoid, and that the cal- 
cification of the cartilage remains for at least 42 days unimpaired.  It 
is well recognized that  endosteal bone formation persists,  though  at 
a more sluggish rate, throughout adult life; and the simplest explanation 
of the appearance described  is that the newly  formed bone, in the absence 
of an adequate supply of phosphate, remains uncalcified. 
DISCUSSION. 
The main facts brought out in this study may now be briefly reviewed. 
The basic observation has been amply confirmed that lesions of the bones 
identical with those previously described in rats as spontaneous rickets, 
may be unfailingly produced by subjecting the animals to a  diet con- 
taining an adequate  amount of  calcium, but  deficient in phosphates. 
When  the  phosphate  ion  is  added  in  adequate  amount  (equivalent 
to 75 rag. of P  per 100 gm. of diet), the development of rickets is in- 
variably prevented.  The border-line, where individual differences come 
into play, is in the neighborhood of 50 rag. of added P, and when less 
than this is given, rachitic changes in the bones result. 
It could easily be shown, moreover, that  neither the potassium in 
itself,  nor any of the other inorganic salts which enter into a complete 
diet, confer any protection, if there is at the same time a deficiency of 
the phosphate ion. 
Equally definite and striking, though possibly bearing less upon the 
problem  of human rickets, has been the observation that lesions re- 
sembling rickets may also follow the administration of a  diet deficient 
in  calcium,  but containing an adequate or excessive  amount of phos- 
phate.  The lesions observed have differed  from those resulting from 
a  deficiency of phosphate in the presence of an adequate or excessive 
amount of  calcium, in that the endochondral changes are less marked. 
The lesions which resulted from a diet highly deficient in both calcium 
and phosphorus differed from the more typical rickets in degree rather 
than in kind.  With one exception, there developed a moderate increase 
in  the  depth  of  the zone  of preparatory  calcification,  with defective 442  ~:XPE]~IMF~NTAL RICKETS. IV 
deposition  of  calcium,  and  an  excess  of  osteoid  in  the  spongiosa  and 
cortex.  There was no clear anatomical evidence of an increased resorp- 
tion of calcium.  The effects of altering the proportion of calcium and 
phosphate  in  the  diet  are,  perhaps,  less  easily interpreted.  It  seems 
certain that a  marked excess of Ca, such as enters into the composition 
of Diet 84, is not essential to the production of tickets.  In our experi- 
ment, although the Ca was reduced to one-fifth of the original amount, 
marked  rachitic  lesions  still  developed.  Even  with  the  reduction  of 
the  calcium to 0.018  gin.  per  100  gin.  of diet  the lesions,  as has been 
stated,  were  those  of  an  atypical  rickets  rather  than  an  osteoporosis. 
This  is  what  one might  expect,  in  view of  the  fact that,  within  wide 
limits, the blood Ca is independent of the Ca intake. 
In reviewing the  literature  for comparable experiments,  we  should mention 
first the studies of the Johns Hopkins investigators.  Their fundamental observa- 
tion that rachitic changes may be regularly induced on a  diet deficient  in phos- 
phate ion,  and that the introduction of the phosphate ion into the diet prevents 
the rickets, is in accord with our own work.  A quantitative comparison from the 
point of view of the phosphorus content of the diet is somewhat difficult, because 
it is not  clearly stated in  their papers which  diets led  to rickets and which  to 
osteoporosis.  In their third paper (5)  two diets are given, one (Lot 2667) con- 
taining 0.2165 gin. of phosphorus per 100 gm. of diet, the other (Lot 2806), 0.1580 
gm.  On these two diets the rats showed lesions ranging from simple osteoporosis 
to florid  rickets,  but  it  is not  stated whether  the  more typically rachitic  rats 
were  those  on  the  diet  containing  the  lower  amount  of  phosphorus.  In  our 
experience  Diet 2806 would have been on the border-line; Diet 2667 would lead 
only  to  osteoporotic  changes.  A  third  diet  (Lots  3120 and  2815) contained 
0.5383 gin.  of phosphorus, and on this the lesions were typically osteoporotic. 
In Paper V (6) another rickets-producing diet is given (Ration 3127) in which 
the phosphorus  content  is  stated  to  be 0.209  gin.  per  100 gin. of diet.  This is 
decidedly  above  the  amount  which  we have found  to  give protection.  The 
discrepancy may be due to the form in which the phosphorus was given, to differ- 
ences in the amount of roughage, or to factors as yet undetermined. 1 
1 Since  this  paper was  submitted,  Eddy,  Muller,  and  Heft  (Eddy,  W.  H., 
Muller, H. R.,  and Heft, H. L., J. Biol. Chem.,  1922, L, p. xix) have presented 
experiments indicating that phytin phosphorus added  to  Diet 84 in double the 
amount supplied by the inorganic  phosphate of Diet 85 fails to prevent rickets. 
In the diets used by McCollum and  his  coworkers,  a  large  proportion  of  the 
total phosphorus must be assumed to be present in the form of phytin phosphorus. 
This may account for the discrepancy as regards the minimal amount of phos- 
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A recent paper by Korenchevsky (II) also affords an interesting comparison. 
Negative  results  were obtained  In phosphate deficiency  experiments, but these 
may be explained, as the author himself points out,  by the relatively high phos- 
phorus content (0.220 gin.) of his basic diet, which is well above our protective 
level of 0.160 gin. per I00 gin. 
While our quantitative  figures obviously have no  claim to  finality, 
since the actual phosphorus intake will vary with the character of the 
diet and the general condition of the individual rat, we believe from 
our experience that it is possible to approximate very closely the phos- 
phorus requirement  for  normal  calcification,  when  the  experimental 
conditions as  regards light,  age, rate of growth, and type of  diet are 
standardized. 
The question has been raised as to whether it is justifiable to apply 
the term experimental tickets to  a  condition which seems as yet un- 
related etiologically  to the human disease.  We believe so, and for several 
reasons.  The term tickets is habitually used in an anatomical sense, 
as referring to certain well characterized changes in the bones.  That 
such alterations may be produced in various ways, and  that  factors 
other than dietary enter into the causation of human r~kets may be 
freely admitted.  But these considerations, it would seem, should not 
ai~ct  the  propriety  of  terming  the  experimentally produced lesions 
rachitic, provided they conform accurately  to the lesions which character- 
ize the human disease. 
Furthermore, the application of the facts observed in these experi- 
ments may not be  so alien to  the  etiology of human tickets as would 
seem on first thought.  A  gross  deficiency of  calcium or phosphorus 
does not, it is true, occur under ordinary conditions; andtickets  commonly 
develops in infants in spite of what appears to be an adequate supply 
of these inorganic substances in the food.  It cannot be said, however, 
that  we  possess  an  accurate  knowledge  of  the  phosphorus  require- 
ment of the growing child,  nor can it  be  said  dogmatically that  the 
amount contained in milk, for example, is in all cases sufficient without 
th~ adjuvant action of sunlight.  The recent observations of Howland 
and Kramer (12),  and confirmatory studies which will be reported in 
full elsewhere, indicate that there is, in active human tickets, and in 
the expetimental tickets of rats produced by phosphorus-low diets,  a 
striking deficiency in the inorganic phosphates of the blood.  How this 444  EXPEI~rMF.NTAL RICKETS. IV 
is brought about remains to be investigated, but it has not been dis- 
proved  that  the  proximate  cause  of  rickets,  in  infants  as  well  as  in 
rats, Lies in an inadequate supply of phosphate to the bones. 
CONCLUSIONS. 
1.  Rachitic bone lesions may be produced in rats by a diet containing 
an excess of calcium,  but  deficient in phosphates. 
2.  Similar lemons follow a  diet defident in  caldum,  but  conta/ning 
an excess of phosphates.  The  endochondral lesions, however, are less 
pronounced. 
3.  A  diet deficient in both calcium and  phosphate induces atypical 
rickets. 
4.  Inorganic salts other than calcium or phosphate seem to be without 
influence upon the development or prevention of rachific lesions. 
5.  The  min~al  amount  of  phosphate  (calculated  as  P)  required 
for normal calcification in young growing rats  (30  to 50 gm.) on the 
diets used in these experiments is approxhnately 160 rag. per 100 gin. 
of diet.  At 135 rag.  individual variations  come into play; at II0 rag., 
or less, tickets invariably follows. 
6.  An excess of calcium  is  not  necessary  to  the production  of  the 
rachitic lesions.  A  reduction of the calcium lactate of Diet 84 to 0.6 per 
cent (III rag. of Ca per 100 gin. of diet) still results in the development  of 
typical  tickets. 
7.  Adult rats  react  to a  deficiency of phosphate in the diet by  the 
production of calcium-free osteold in abnormal amount about the spongi- 
osa and cortex.  There is not produced any alteration of the epiphyseal 
cartilage, as in growing animals. 
BIBLIOGRAPHY. 
I.  Sherman, H. C., and Pappenheimer, A. M., Proc. Soc. Exp. Biol. and Mcd., 
1920-21, xviii, 193. 
2. Sherman, H. C., and Pappenhdmer, A. M., ]. Exp. Med., 1921, xxxiv, 189. 
3.  McCo|lum, E. V., Simmonds, N., Parsons, H. T., Shipley,  P. G., and Phrk, 
E. A., J. Biol. Chem., 1920-21, xlv, 333. 
4. Shipley, P. G., Park, E. A., McCollum, E. V., Simmonds, N., and Parsons, 
H. T., ]. Biol. Chem., 1920-21, xlv, 343. 
5. Shipley, P. G., Park, E. A., McCollum, E. V., and Simmonds, N., Bull. Johns 
Hopkins  Hosp.,  1921, xxxii, 160. A. M.  pAPPENII~.rM~R~  G. ~F. MCCANN, AND  T. l'. ZUCKER  445 
6.  Shipley,  P.  G.,  Park,  E.  A.,  McCollum,  E.  V.,  and  Simmonds, N.,  Proc. 
Soc. Exp. Biol. and Med., 1920-21, xviii,  277. 
7.  McCoUum,  E. V., Simmonds, N.,  Shipley,  P.  G., and Park, E. A., J. Biol. 
Chem., 1921, xlvii, 507. 
8. Shipley,  P. G., Park, E. A., Powers, G. F., McCollum, E. V., and Simmonds, 
N., Proc. Soc. Exp. Biol. and Med., 1921-22, xix, 43. 
9.  Hess, A. F.,  Unger, L. J., and Papperaheimer, A. M., Proc.  Soc. Exp. Biol. 
and Med.,  1921-22,  xix,  8. 
I0.  Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 1913, xv, 317. 
11.  Korenchevsky, V;, Brit. Med. J., 1921, ii, 547. 
12.  Howland, J., and Kramer, B., Am. J. Dis. Child., 1921, xxii,  105. 
EXPLANATION  OF  PLATES. 
PLATE 2i. 
FIG. 1.  Rat 82.  52  days on  Eiweissmilch.  Normal growth.  Normal rib. 
FIG. 2.  Rat 90. Diet 84 plus 0.8 per cent secondary sodium phosphate.  Radio- 
graph showing  normal bones on 35th day. 
Fro. 3.  Rat 89.  35 days on Diet 84 plus0.8 per cent secondary sodium phosphate. 
Rib:  The  zone of  proliferating  cartilage  is  about four  cells  deep,  the  matrix 
between the columns is calcified.  The primary spongiosa is very defective, and 
epiphyseal growth in abeyance.  Secondary spongiosa also scant.  Cortex narrow; 
an endosteal osteoid margin bordered by osteoblasts is visible in  a  few places, 
but  is  not  wider  than  in  normal  bones of y9ung  rats.  No  rickets.  11  days 
decalcification  in Mtiller's fluid.  Hematoxylin-eosin stain. 
PLATE 22. 
FIG. 4.  Rat 97.  25 days on Diet 84 plus 0.35 per cent potassium chloriAe.  Radio- 
graph showing  marked rickets. 
FIG. 5.  Rat 99.  36 days on Diet 84 plus 0.35 per cent potassium chloride.  Rib: 
Zone of proliferating cartilage greatly widened  with deep prolongations.  Matrix 
uncalcified.  Spongiosa represented by dense mass of Ca-free osteoid, with narrow 
Haversian  spaces  between  the  broad  and  convoluted  trabecula~.  A  mass  of 
osteoid fills in the angular depression on the external surface of the chondrocostal 
junction.  Wide  osteoid  margin  about  cortex.  Perichondrium  and  periosteum 
thickened.  Marked rickets.  11  days decalcification  in Miiller's fluid.  Hema- 
toxylin-eosin  stain. 
PLATE 23. 
Fro. 6.  Rat 117. 34  days on  Diet  85N  (Diet  84  with  the  addition  of basic 
potassium phosphate,  equivalent  to  50 mg. of P  per  100  gm. of diet).  Slight 
or early rachitic lesions (see text).  6 days decalcification  in Mfiller's fluid.  Silver 
nitrate-Van Gieson stain. 446  EXPE~R~FENTAL RICKETS.  IV 
FIG. 7.  Rat 119.  34 days on Diet 850 (Diet 84 with the addition of basic potas- 
sium phosphate equivalent  to 25 mg. of P  per 100 gin. of diet).  More marked 
rachitic lesions than on Diet 85N.  6 days decalcification in Mfiller's fluid.  Silver 
nitrate-Van  Gieson  stain. 
PLATE 24. 
FIG. 8.  Rat 168.26 days on Diet 84 plus Osborne-Mendel salt mixture without 
phosphoric acid.  Radiograph showing marked  rickets. 
FIG. 9.  Rat 392.  29 days on Diet 85C.  The zone of preparatory calcification 
averages ten to twelve ceils, not regularly aligned in columns.  There are no deep 
projections into the metaphysis.  Calcium is laid down between the distal three 
or four cells, but is defective in the central portion.  The spongiosa is composed 
of broad trabecul~ of osteoid, with a  narrow central core of calcified  cartilage or 
bone.  The perichondral  osteoid is  calcium-free and  slightly broader  than  nor- 
really.  The calcified  cortex is thin, and covered on both sides by a broad margin 
of osteoid.  There is irregular fibrous periosteai thickening.  The margin between 
calcified bone  and  osteoid is  everywhere sharp.  The lesion  differs  from early 
rickets only in the relatively slight alterations of the cartilage. 
FIG. 10.  Rat493.  26  days  on  Diet  Q.  Zone  of  preparatory  calcification 
eight to ten cells in depth and entirely calcium-free.  Much subchondral and cor- 
tical osteoid.  The apparently calcified bone stains faintly with hematoxylin, and 
gives no reaction with silver nitrate.  5 days decalcification in Mfiller's fluid. THE JOURNAL OF EXPERIMENTAL MEDICINE VOL.  XXXV.  PLATE 21. 
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